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Chondroitin sulphate: a focus on osteoarthritis
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Abstract Chondroitin sulfate (CS) being a natural glycos-
aminoglycan is found in the cartilage and extracellular matrix.
It shows clinical benefits in symptomatic osteoarthritis (OA)
of the finger, knee, hip joints, low back, facial joints and other
diseases due to its anti-inflammatory activity. It also helps in
OA by providing resistance to compression, maintaining the
structural integrity, homeostasis, slows breakdown and re-
duces pain in sore muscles. It is most often used in combina-
tion with glucosamine to treat OA. CS is a key role player in
the regulation of cell development, cell adhesion, prolifera-
tion, and differentiation. Its commercial applications have
been continuously explored in the engineering of biological
tissues and its combination with other biopolymers to formu-
late scaffolds which promote and accelerate the regeneration
of damaged structure. It is approved in the USA as a dietary
supplement for OA, while it is used as a symptomatic slow-
acting drug (SYSADOA) in Europe and some other countries.
Any significant side effects or overdoses of CS have not been
reported in clinical trials suggesting its long-term safety. This
review highlights the potential of CS, either alone or in com-
bination with other drugs, to attract the scientists engaged in
OA treatment and management across the world.
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Introduction

Chondroitin sulphate (CS) is a naturally occurring sulphated
heteropolysaccharide. This sulfate is covalently attached to
sugar composed of glucuronic acid (GlcA) and N-acetyl-
galactosamine (GalNAc) as shown in Fig. 1. CS plays a sig-
nificant role in biological processes as it is abundantly distrib-
uted in humans, other mammals and invertebrates [1]. CS is
generally found in all mammalian connective tissues, es-
pecially in the cartilage, skin, blood vessels, ligaments,
tendons [2], in axon terminals around neuronal cell bodies
[3], brain and in the extracellular matrix (ECM) surround-
ing cells [4], where it constitutes an essential component
of proteoglycans (PGs).

CS possesses negative charge which interacts readily with
proteins in the extracellular matrix that helps in regulation of
cellular activities [5]. CS is considered as the most widely
used slow-acting drug for OA (SADOA) [6, 7], which was
officially accepted by the WHO/ILAR Task Force in 1994.
The main reasons for the use of the CS as SYSADOA thera-
peutic class are:

i. The ability of CS to slow down the development of OA has
been demonstrated in several clinical trials with significant
positive effects [8, 9]. CS enables to decrease the dosage of
others treatment such as NSAIDs and shows better gastro-
intestinal (GI) tolerability by limiting the significant risks
of upper GI tract erosions, ulcers with bleeding and/or del-
eterious renal effects in elderly patients [10, 11].

ii. On biochemical basis, the effect of CS in patients with
OA is due to reactions involved in its anti-inflammatory
activity, stimulation of the synthesis of proteoglycans
and hyaluronic acid, and the decrease in catabolic activ-
ity of chondrocytes inhibiting the synthesis of proteolytic
enzymes, nitric oxide, and other substances that
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contribute to damage cartilage matrix and cause death of
articular chondrocytes [12].

iii. CS in most of the cases shows a remnant effect for few
months, a feature which is never observed with analge-
sics and NSAIDs, substances which need to be continu-
ously administered in order to provide relief from pain
and increased mobility in OA patients [13].

iv. CS plays a role in forming new bones, cartilage and ten-
dons, and maintains structural integrity of tissues as well
as repair damage [14].

v. From diagnostic point, antibody specific for a chondroitin
sulphate epitope is useful in diagnosis and treatment of
connective tissue diseases, such as arthritis and sarcomas
[15].

vi. CS provides specific biological functions in cell adhe-
sion, morphogenesis, neural network formation, and cell
division [1].

vii. Chondroitin is also used in veterinary medicine [16].

Physicochemical and structural properties

CS is a mucopolysaccharide of high viscosity. Physically, it is
a clear or slightly hazy or faintly yellow compound depending
on its source. It is soluble in water (100 mg/ml), and has a
molecular weight of 50,000 to 100,000 Da [17]. The low
molecular weight form has a potentially superior absorption
rate to that of high molecular weight CS [18]. Chemically,
Chondroitin sulphate comprises a repeating disaccharide mo-
tif with sulphate groups, which is modified or catalyzed by
sulfo-transferases, replacing one, or more, of the -OH groups
on C4 and C6 of GalNAc and C2 and C3 of GlcA [19].
Various modifications can generate different isomers forms.
Example: CS with four sulphates per disaccharide unit helps
in production of anaphylactic mediators, including C3a and
C5a as well as in activation of contact system. Monoclonal

antibodies (mAb) were generated and characterized for recog-
nition of sulphate motifs and epitopes in CS [20].

Sources

Commercially, CS is mainly derived from cow trachea, pig ear
and nasal septa [21] but other sources include chicken keel
[22], shark cartilage [23], and fish [24]. CS derived from fish
(Ray and shark) is referred as a better source than that of
mammalian because of its sulfation pattern and safety [25].
CS chain size varies among various sources e.g. tracheal CS is
20–25 kDa, while shark CS is 50–80 kDa [26]. The CS
employed in scientific studies is mainly obtained from bovine,
porcine, chicken, or marine cartilage. From these, bovine CS
is most often used in vitro and in clinical trials [27]. The
sources and structures of CS impact on its functions, quality,
effectiveness, percentage yield (~50–100 %) and identity e.g.
CS (porcine, purity 90.4 %), induces the activation of inflam-
matory and catabolic pathways, whereas CS (bovine, purity
96.2 % and 99.9 %) induce an anti-inflammatory and anabolic
response [28]. This is illustrated in Fig. 2 [29].

Production

The industrial production of chondroitin sulphate (CS) uses
animal tissue sources as raw materials. CS is extracted with
long and complex procedures that start with the recovery of
CS from the cartilaginous tissues and continue with numerous
steps of purifications for the complete removal of all the con-
taminants. In general, the methods of CS isolation from carti-
lage [30–32] include various steps based on: (1) chemical
hydrolysis of cartilage using high concentrations of NaOH,
urea and guanidine HCl; (2) breakdown of proteoglycan core;
(3) elimination of proteins by trichloroacetic acid and CS re-
covery; (4) purification of CS with gel filtration and/or ion-
exchange and size-exclusion chromatography. Recently, a
two-step enzymatic processing with alcalase and flavourzyme
showed better yields of degradation with a significant reduc-
tion of time-processing [33]. Various types of other enzymes
are also involved in biosynthesis of CS affecting its metabo-
lism, involved in differentiation, cellular proliferation, devel-
opment, regeneration and repair in the disease. Two different
biotechnological approaches have been investigated for CS
production. In the first case CS is obtained enzymatically
by in vitro chain elongation using UDP-sugar precursors
and biotechnologically produced synthase enzymes. UDP-
glucose oxidized into UDP-glucuronic acid which pro-
motes chondrogenesis and GAGs synthesis monosaccha-
rides precursors help in boosting chondroitin-like capsular
polysaccharide production [34, 35], a hetero-oligomer
complex of CS synthase-1 (CSS1)/chondroitin synthase-
1 and CS synthase-2 (CSS2)/chondroitin polymerizing
factor with the strongest polymerizing activity participate
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Fig. 1 Structure of CS
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in the extension and initiation of CS [1]. In the other case
CS is produced by using a biotechnological-chemical
strategy consisting of three main steps: fermentative pro-
duction of a chondroitin-like polysaccharide by capsulat-
ed bacteria, purification from the fermentation broth and
then site specific chain sulphation. From a production
point of view, biotechnological approaches could be de-
signed to obtain structural tailored cut molecules [36]. CS
analysis has been reported by different techniques from
various sources as listed below in Table 1.

Pharmacokinetics considerations

Pharmacokinetic studies showed that CS can be absorbed
orally but absorption depends upon molecular mass (10 %
as high–molecular-weight and 90 % as low-molecular-
weight compounds) and charge density, its bioavailability
ranges from 15 % to 24 %. Intestinal absorption of low mo-
lecular weight CS is enhanced by conjugating it with α-
linolenic acid as it opens the intercellular tight junctions rather
than disrupting the overall integrity of the monolayer [42].
Absorbed labeled CS found in high content in synovial fluid
and cartilage [43]. Orally ingested CS affects pain due to
changes in the cellular activities in the gut lining or in the
liver, not by dosing and higher circulating concentrations of
CS [41]. CS’s onset of action is slower but efficacy is equiv-
alent to non-steroidal anti-inflammatory agents (NSAIDs).
The Cmax (peak plasma concentration) of CS cannot be calcu-
lated due to its rapid degradation to lower molecular weight
compounds as well as the difficulty in differentiating it from
endogenous molecules. In mammals, the major site of metab-
olism is liver where it is hydrolyzed into monosaccharides by
lyase and bacteroides thetaiotaomicron, a gram-negative an-
aerobe found in human colons but not by cytochrome P450.
Smaller amounts of di-, oligo-, and polysaccharides survive
intact throughout the digestive process. Analysis shows that
uptake of desulphated chondroitin occurred very sharply
(peak level after, 15 min) followed by rapid clearance and
return to baseline after 3 h [44]. For tracheal CS, peak plasma
level reaches within 1–5 h while, in shark after 8.7 h. CS up to
single dosage of 3000 mg shows first-order kinetics [45]
which is not altered even by multiple doses of 800 mg in
OA patients. CS in urine is of lower molecular weight, with
lower sulfate content, and is attached to proteins smaller than
found in tissues.

Toxicity

Clinical studies of commercial CS show that it is well tolerat-
ed with no side effects of over dosages, and without any drug-
drug interactions. It has rare adverse reactions which suggests
its long term safety [46]. Its safety is confirmed by The
European League Against Rheumatism (EULAR) committee,
by giving it 6 points on a level of toxicity scale from 0 to 100,
proving it to be one of the safest drugs for osteoarthritis [18].
However, mild side effects such as nausea, stomach upset,
diarrhea or constipation, indigestion, stomach pain, intraocu-
lar hypertension (when used in eye) and heart burn are report-
ed in some literature. For instance, in chronic liver disease,
sometimes hepatotoxicity is observed, which leads to hepatitis
[47, 48]. As chondroitin supplements usually contain glucos-
amine, diabetics should take extreme caution when taking this
supplement. There are no known interactions with foods,
herbs and supplements. Some contraindications for CS usage
include: (1) Pregnancy or breast-feeding condition, (2) Having
asthma, (3) Allergic to shellfish, (4) Having prostate cancer or
an increased risk for prostate cancer, (5) Taking blood thinning
medications, because chondroitin is a natural anticoagulant
[49, 50].

Dose and dosage forms

CS can be taken in the form of pill, tablet, capsule, powder, or
liquid and also administered by injection. It is used in creams,
eye drops, cosmetics and medical applications. It is also avail-
able as plain or in combination with various forms of glucos-
amine. CS can be taken irrespective of food intake. Dose for
arthritis and osteoarthritis relief is about 1200 to 1600 mg
per day divided in two or three doses, for a span of about
two months or so depending upon individual needs.
Single dose of 1200 mg is equivalent to 3 times a day
(400 mg) dose [51].

Chondroitin sulphate and osteoarthritis

The main factor causing the inflammation of the OA is the
activation of nuclear factor-κB (NF-κB). CS is able to dimin-
ish NF-κB activation and nuclear translocation in
chondrocytes and synovial membrane [52].

Factors affecting selection of 
suitable source of CS

Type of source e.g. 
shark, porcine, or 

bovine

Age of animal Tissue and 
location within a 

tissue

Potential 
contaminants used in 
purification process

Fig. 2 Factors affecting sources
of CS
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Mechanism of inflammation in OA

Broadly two types of patterns are observed in OA inflamma-
tion: first is Danger/damaged associated molecular pattern
(DAMPs) [53], and the other one is pathogen-associated mo-
lecular patterns (PAMPs) which includes bacteria, viruses and
fungi. DAMPs stimulate immune system, via pattern recogni-
tion receptors (PRRs) to either combat infection or initiate
repair process, by inducing innate immunity or host immune
responses. PRRs are composed of several families of re-
ceptors including cell surface, endosomal and cytosolic
receptors e.g. in vitro. Toll like receptors (TLRs).
DAMPs include various types of pattern, which cause
inflammation in OA are listed below:

(a) Plasma protein damage associated molecular patterns:
After joint injury and damage, vascular leak and exuda-
tion from site of tissue damage occurs [54] the proteomic
survey of OA observed increased level of many plasma
proteins e.g. in vitro. Fibrinogen [55] in the synovial fluid
which helps in production of various inflammatory cyto-
kines and growth factors including TNFα, IL-6,IL-1β
and vascular endothelial growth factors (VEGF) that fur-
ther propagates the intra-articular inflammatory re-
sponses and cartilage breakdown [54].

(b) Intracellular alarmins: Intracellular proteins released
from stressed, damaged or necrotic cells, sequestered
within cell, can signal to immune system [56] e.g. High
mobility group box1 protein (HMGB-1) [57] and S-100
family of proteins (S100 A8 & S100 A9 in synovium)
[58, 59]. These proteins upregulate catabolic mediators
including MMPs 1, 3, 9 & 13 as well as cytokines IL-6
and concomitant down-regulation of aggrecan and type-
2 collagen [60].

(c) Crystals of calcium, damage associated molecular pat-
terns: In OA patients synovial fluids and tissues crystals
like basic calcium phosphate (BCP) and calcium pyro-
phosphate dehydrate (CPPD) are observed. These crys-
tals contribute in OA associated inflammation as CPPD
induces chondrocyte production of nitric oxide with the
help of TLRs [61] and IL-1β, IL-18 mediated by NLRP3

[62], by CPPD and BCP [63]. Uric acid level in synovial
fluid contributes to inflammatory processes and cartilage
degradation in OA [64].

(d) Cellular mediators: Joint cells e.g. Fibroblast like
syoviocytes (FLS) acts as intermediate mediators of lo-
cal inflammation by producing TNFα, IL-1β, MMPs
and Cartilage degradation and chondrocytes by upregu-
lation of TLRs [65].

(i) Complement in OA: In OA, synovium upregulation of
complement effector genes and down regulation of com-
plement inhibitors was also observed relative to normal
controls [66].

(ii) Mechanical stress induced immune activation: It directly
induces production of inflammatory mediators from car-
tilage and synovium [67].

(iii) Soluble inflammatory mediators in OA: In serum and
synovial fluid, the increased level of cytokines includes
IL-6, IL-8 [68] and IL-15(in early knee OA) [68] as well
as prostaglandins, leukotrienes mediates inflammation.
The enzyme cyclooxegenase-2 (COX-2) is upregulated
in inflamed joint tissues leads to elevated production of
prostaglandins such as PGE2 in the joint [69].

Following joint trauma or overuse, tissue damage results in
the production of damage associated molecular patterns
(DAMPs), including cartilage extracellular matrix (ECM) in-
cluding fibronectin [70], hyaluronan [71], known & novel
plasma DAMPs, and intracellular alarmins that signal through
pattern recognition receptors on synovial macrophages,
fibroblast-like synoviocytes (FLS) and chondrocytes to in-
duce the local production of inflammatory mediator which
further leads to chondrolysis and release of additional ECM
breakdown products e.g. Tenascin C [72, 73] and hyaluronic
acid [74]. Fibronectin fragments include the production of
proinflammatory cytokines including Tumor necrosis factor
(TNF α) and IL-1β as well as matrix metallo-proteinase
MMP1 & MMP3 [75]. Inflammation-induced angiogenesis
and increased vascular permeability result in the subsequent
influx of plasma proteins, which is also capable of functioning
as DAMPs. Acute and chronic production of inflammatory

Table 1 Different techniques of
analysis of CS Purpose of estimation Technique Ref.

Commercial drug products and
biological samples

Capillary electrophoresis [37]

Mass spectrometric analysis from connective tissue [38]

HPLC with ion-pairing column, UV detection [39]

Analysis of CS-derived
disaccharides

Ion-pairing reversed-phase, ultraperformance liquid
chromatography (IPRP-UPLC) separation, coupled to electrospray
ionization mass spectrometry with anion trap mass analyzer

[40]

Size and disaccharide
composition of CS chains

Superose chromatography and fluorophore-assisted carbohydrate
electrophoresis (FACE)

[41]
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mediators promote further cartilage degradation either directly
or indirectly through their induction of proteolytic enzymes,
amplifying a vicious cycle of innate immune activation of
osteoarthritis. Chondrocytes from OA cartilage display high
levels of IL-1α and IL-1β and have elevated expression of the
plasma membrane-bound IL-1 receptor I, while the decoy IL-
1 receptor II is down-regulated in OA chondrocytes. Blood-
borne neutrophils and monocytes migrate to the site by
chemotaxis and pass through endothelial cells by extrav-
asation, causes edema (swelling). Mast cells and macro-
phages by releasing histamine, leukotrienes, and prosta-
glandins by vasodilation increase vascular permeability.
Neutrophils create a cytotoxic environment by a process
called degranulation, releases toxic chemicals highly re-
active oxygen and nitrogen species (ROS and RNS, re-
spectively) [76] and various proteinases. These sub-
stances are destructive to both pathogens and hosts.
Collective effects of all these lead to symptoms like heat,
swelling, redness, pain and loss of function. CS glyco-
syltransferases gene expression lowered, which may
reduce CS chain length and contribute to OA [77].
Figure 3 shows schematic representation of chronic
inflammation as a mediator of OA [78].

Chondroitin sulphate and its receptors

CS shows its therapeutic efficiency by the involvement of
various receptors as it is widely distributed in the tissues as
shown in Table 2.

Anti-inflammatory activity of CS in OA

CS directly and/or indirectly modulates anti-inflammatory ef-
fects. CS being a large molecule cannot penetrate
chondrocytes so it is internalized as oligosaccharide or disac-
charide by engaging membrane receptors [e.g. CD44,
RHAMM and intercellular adhesion molecule 1 (ICAM1)].
By engaging CD44 and ICAM1, it may promote the release
of IL-1 receptor associated kinase-M (IRAK-M), an inhibitor
of IRAK, or the release of MKP-1, that will dephosphorylate
MAPK. These effects will reduce the nuclear translocation of
NF-κB and the inflammatory reaction. In addition, CS en-
gages integrins and increases TGF-β1 expression that will
foster the synthesis of high molecular weight hyaluronic acid
(HMW-HA) and of collagen II. HMW-HA binds to CD44,
TLR4 and ICAM1 and impedes the binding of ECM frag-
ments or LPS. Finally, CS diminishes the proteolysis of
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Fig. 3 Schematic representation of chronic inflammation as a mediator of OA
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kininogen to bradykinin (BK) and induces the desentization
and internalization of B2R, thus blocks the signal transduction
pathway [83]. It acts directly by decreasing the presence of
several complement components (CFAB, C1S, CO3, and
C1R) and indirectly by increasing proteins such as TNFα-
induced protein (TSG6) thereby lowering the pro-matrix me-
talloproteinase activation (observed in MMP1 and MMP3
levels). It also brings a strong CS dependent increase of an

angiogenesis inhibitor and thrombospondin-1 (TSP1) that
demonstrates the anti-angiogenic action of CS (Fig. 4) [28].

CS’s structure-modifying role in OA

CS is a basic component of cartilage and synovial fluid,
which stimulates the anabolic process of the cartilage me-
tabolism by increasing type II collagen and proteoglycan

Table 2 Chondroitin sulphate and its Receptors

Receptors Location/Mechanism References

Annexin 6 In the Cytoplasm, also exists on the cell surface [79]

CD 36 and CD 44 Present on the cell membrane, CS is internalized in the cell via these receptors. [80]

Lectin receptors, HARE (Hyaluronic acid receptor
for endocytosis)

Membrane-bound lectins recognize glycoconjugate than their subsequent
endocytosis, degradation and their involvement in cellular functions.

[81]

Nogo receptors, NgR family (NgR1 and NgR3) Present in neuronal structure, implicated in neuronal inhibition., bind with
high–affinity to the glycosaminoglycan moiety of proteoglycans and participate
in CSPG inhibition in cultured neurons

[82]

Toll-like Receptor-4 (TLR4), Receptor for hyaluronan
mediated motility (RHAMM) and Intercellular
adhesion molecule 1(ICAM1)

Expressed on synoviocytes, osteoblasts and osteocytes [88]

Fig. 4 Mechanism of anti-inflammatory activity of CS with specific
inflammatory pathways in different types of cells of OA. [Cell surface
glycoprotein cluster designation 44(CD44), Receptor for hyaluronan
mediated motility (RHAMM), Intercellular adhesion molecule
1(ICAM1), Toll-like Receptor-4 (TLR4), Bradykinin receptor (B2R),
Interleukin-1 receptor (IL-1R1), Mylenoid differentiation primary
response gene88 (MyD88), Interleukin receptor associated kinase
(IRAK), Inhibitor of IRAK(IRAK-M), TNF receptor associated factor-

6 (TRAF-6 ) , Mitogen ac t i va ted pro te in k inase (MAPK ) ,
MAPK-phosphatase 1(MKP-1), Response element, specific sequences
of DNA (RE), Activator protein-1(AP-1),Transforming growth factor β
(TGF-β ) , HA synthase-2 (HAS2 ) , Hyaluronidase (Hyal ) ,
Aggrecanases(ADAMTS),cyclooxygenase2 (COX-2), Interleukin-1 (IL-
1), Phospholipase A2 (LPA2), Matrix metalloproteinases (MMPs),
Tumor necrosis factor α(TNF-α), Prostaglandin E2 (PGE2),
Monosulfated disaccharides of CS, sulphated in position 4 (ΔDi-4S)]
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synthesis. Loss of CS from the cartilage leads to
osteochondral angiogenesis, which is a major cause of
OA [84]. CS as SYSADOA, in the osteoarthritis (OA)
repairs at 3 levels:

(a) Articular cartilage: Mechanically articular cartilage is
tightly packed and its highly negatively charged sulfate
groups have the ability to bind water and cations (Na+) to
form a resilient layer to generate electrostatic repulsion
that provides much of the resistance of cartilage to com-
pression leads to its elasticity. In its anti-inflammatory
actions it reduces pro-inflammatory factors, proteases
and improves the anabolic/catabolic balance of the extra-
cellular cartilage matrix (ECM) [85], also reduces the
cartilage volume loss [86], decreases the synovial histo-
pathological lesions [87], pain reduction and declination
of joint space [88], delay many inflammation-induced
catabolic processes in the cartilage [89], reduces the ma-
trix metalloproteases (MMP), key proteases that are spe-
cifically related to articular tissues, including MMP-3,
MMP-9, MMP-13, and MT1-MMP or MMP-14 [90]
CS can impact processes associated with cartilage degen-
eration; induces the production of proteoglycans by the
expression vector for the glycosyltransferase β-1,3-glu-
curonosyltransferase-I (GlcAT-I) promotion [91],
inhibiting elastase and cathepsin G activity [92], reduc-
ing gene expression for a range of proteolytic enzymes
[93]. The uptake studies indicate that (99 m)Tc-CS

accumulates in articular cartilage and prove its
chondrotropic effects [94]. CS protects against hydrogen
peroxide formation and superoxide anions [95]. It also
prevents the atherosclerosis (AT) lesions in the treatment
of OA [96].

(b) Synovial membrane: CS inhibits some inflammatory
markers of synovitis, including cell infiltration, fibrosis
and proliferation of the synovial lining cells [74]. As CS
is able to modulate the function of synovial fibroblasts as
well as that of chondrocytes. Therefore, it is promising a
multifunctional chondroprotective material for OA.

Subchondral bone

In the sub-chondral bone, resorption and bone formation, tight-
ly regulated by a molecular triad composed of osteoprotegerin
(OPG)/receptor activator of NF-κB (RANK)/RANK ligand
(RANKL). The RANKL (localized on osteoblasts) and its re-
ceptor RANK (localized on osteoclasts), enhances osteoclasto-
genesis, whereas OPG (produced by osteoblasts) inhibits this
osteoclastogenesis by binding to RANKL. The ratio of OPG to
RANKL pay a key role in regulating bone metabolism: a high
ratio promotes bone formation, while a low ratio favors bone
resorption. CS or combination of CS and glucosamine controls
over it and decreases the resorption activity [93].

Table 3 Reported CS based drug delivery systems

Category Remarks Reference

Magnetite NPsHydrogel Stabilized magnetite NPs for controlled drug delivery. [113]

For sustained-drug release of diclofenac sodium. [114]

CS formed hydrogel with N-hydroxysuccinimide to provide more adhesive strength to cartilage
tissue and minimal inflammatory response. It showed therapeutic benefits in intra-articular
treatment of OA.

[115]

Mixed hydrogel bearing nitric oxide (NO) donor were prepared for prolong release of NO. [116]

Gold NPs CS-stabilized NPs by decreasing agglomeration in vivo improving bioavailability in the treatment of OA. [117]

Poly(lactide-co-glycolide)
microspheres

PLGA microspheres stabilized by CS formed ionic complexes with positively charged proteins and used
for treatment of OA.

[118]

Liposomes Enhanced antioxidant and anti-inflammatory potential of CS by reducing the level of IL-8 and
TNF-α proinflammatory cytokines thereby improved its therapeutic potential.

[119]

CS-coupled liposomes enhanced the tumor uptake of drug. [120]

CS-glycyl-prednisolone
conjugate

Exhibited superior antiarthritic effects due to good tropism to the inflammatory sites and due to good
maintenance of drug levels in the inflamed area.

[121]

Matrix tablet A matrix tablet containing different concentrations of hydroxypropylmethylcellulose (HPMC) with drugs
was evaluated for controlled release of diclofenac sodium and CS.

[122]

Nanogel Acrylated Pluronic® F127 was reacted with methacrylated CS to form CS-PF127 nanogel. Its surface was
modified with folate and loaded with doxorubicin (DOX). This nanogel showed better cellular uptake
by KB cancer cells.

[123]

Polycaprolactone (PCL) NPs Self-assembled PCL-g-CS NPs bearing DOX showed enhanced cell uptake in lung cancer cells. [124]

Solid lipid NPs (SLNs) CS-SLNs enhanced the efficacy of aceclofenac against OA. [125]

Chitosan/CS NPs NPs were used as templates for cell transplantation delivering bioactive agents in a controlled manner. [126, 127]
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Novel drug delivery systems of CS

Polysaccharide based novel drug delivery systems have
emerged with great success [97–99]. Over the past few years,
plethora of novel drug delivery systems based on CS came
into existence either as a ligand or a drug. Various combina-
tions of CS have been reported for the treatment of OA such as
CS4 and CS6 [100, 101] with glucosamine [85], or glucos-
amine and antioxidant micronutrients [102], or hyaluronic ac-
id [103], or derivatives of quercetin [104], or diet supplements
such as glucosamine, antioxidants and green-lipped mussel
[105], GLU,/CS with eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) and green-lipped mussel extract
[106], or avocado soybean un-saponifiable [107, 108], or
diacerein, and glucosamine sulphate [109, 110], or lucosamine
and hyaluronic acid [111], or Structum® group [112]. Table 3
summarizes reported CS based drug delivery systems.

Clinical studies, patent status, and regulatory aspects

To evaluate the benefit and harm of oral CS for treating OA
compared with placebo or a comparator oral medication, var-
ious clinical studies have been carried out. The outcome of all
such studies concluded that CS improves pain (Knee pain) and
quality of life (by Lequesne’s index), slows down the
narrowing of joint space (X-rays study), and has no significant
adverse and withdrawal effects [128]. Some specific clinical
trials evidenced that CS acts as SMOAD (structure-modifying
drug in OA) or SYSADOA (Symptomatic slow-acting drugs
for the treatment of OA) and supports above remarks. For
instance: (a) Michel et al. (2005) reported joint space
narrowing [8]; (b) Uebelhart et al. (2004) with the help of
Lequesne’s AFI, VAS, and walking time parameters proved
SMOAD effects of CS in knee with OA [129]; (c) Mazieres
et al. (2001) also supported SYSADOA effects of CS (oral
delivery) for the treatment of knee OA [130].

Couple of patents has been acquired on CS based applica-
tions in OA as described under this section (Table 4).

CS is prescribed or used as an over-the-counter (OTC) drug
in 22 countries and it is regulated as SYSADOA in Europe.
United States Pharmacopoeia (USP) testing standards also
exist for the identification and quantification of chondroitin.
In the USA, it is referred to as a dietary supplement so there
are no mandatory standards for formulations while in Europe
it is approved as a drug or reference product and demands
efficiency and safety approval at clinical outsets [128].

Conclusion and future perspectives

This review article enlightens about CS with its various pa-
rameters including structure, sequence and size have impact
on function, understanding how CS is taken up and exerts an
influence on biological processes. It is an important structural
component in connective tissues and cartilage, (GAGs), which
are primarily located on the surface of cells or in the extracel-
lular matrix. CS is able to block the signal transduction path-
ways activated by the fragments of the extracellular matrix
which diminish the nuclear translocation of proinflammatory
transcription factors in chondrocytes and synovial membrane.
This explains the benefits of CS in osteoarthritis. However,
there are unanswered questions for the scientists viz.

& What is relevance of CS’s level in chondrocytes to cause
OA in humans?

& Is CS better active as a ligand or a drug?
& Does blocking signal transduction in inflammatory pro-

cess of chondrocytes the only approach to target OA?

So far, a list of documents based on CS in osteoarthritis has
been reported but the research arena in the field of OA treat-
ment is still unsatisfactory because of lack of reliable and
quantifiable biomarkers that can be utilized as a prognostic
tool for OA because they are not specific to disease stage,
cartilage or the affected joints [134]. Therefore, it is the need
of time to improve OA outcomes in clinical trials.

Table 4 Patents obtained on CS
based treatment of OA Year Details Reference

2000 The invention described compositions and methods for treatment of rheumatoid arthritis
and osteoarthritis. The compositions comprised of insoluble native collagen Type II in
combination with glucosamine, chondroitin, ascorbate, boron and magnesium.

[131]

2002 This invention showed a method for alleviating arthritis in mammals by the oral
administration of Type II collagen in combination with ionically bound CS.

[132]

2003 CS (1–50 % by weight) was used in combination with other agents to have synergistic
effect for the treatment of OA.

[133]

2004 CS was reported to act on selectins and chemokine involved the onset of biological
phenomena including pain like in OA.

[134]

2005 This patent described the use of CS for the treatment of diseases or conditions related to
collagen fibril formation.

[135]
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